In determining cause and effect of physiological events during experimental procedures, time relationships are of primary importance. At the present time, the effect of drugs on such functions as respiration, blood pressure, and organ motility are measured by using the smoked drum kymograph, while the electrocardiogram, electrocephalogram, and nerve or muscle action potentials are measured with separate instruments. Frequently additional animals must be used to complete these several recordings. When the mechanical and electrical recordings are combined in the same system, duplication of an experiment to obtain the additional data is unnecessary. Moreover, since the recordings may be simultaneous, any interrelation of one functional event with another can be determined.
are classified as transducers. A variety of methods for transforming elnergy states have been utilized. The bonded resistance wire strain gage is incorporated into transducers for measuring (a) alterations produced on the surface of the skin by arterial pulse,2'a (b) intra-arterial blood pressure,5 and (c) movements occurring in the pregnant uterus.' Transducers employing magnetic reluctance' and electrical capacitance' changes produced by metal membrane manometers have also been used for recording blood pressure activity. A differential manometer utilizing a Venturi pitot tube activating a metal membrane whose changing position alters magnetic reluctance was used for recording blood flow through large arteries.8 Thermistors have been adapted to the measurement of temperature inside blood vessels, subsurface tissues, or external orifices.' Changes in the electrical capacity (impedance) of cavities have been applied to the detection of changes of heart and chest volume."' These procedures have, however, all incorporated an additional recording device, usually the photo cell recording galvanometer.
The output signal from the various transducers is quite small and has power enough only to operate delicate galvanometers. For practical purposes the signals are amplified by the electroencephalograph amplifiers until an ink-writing pen can be operated.
The development of the use of these transducers and their inclusion into the simultaneous multiple recording scheme has already been found of value in the study of certain neuropharmacological problems. Because of their greater utility and more widespread application, we have limited ourselves to the description of transducers for measuring and recording fluid pressures and respiratory activity. However, the diversity of problems that can be solved with the aid of this technique should be limited only by the ingenuity and need of the investigator.
Adaptation of the electroencephalograph amplifiers for use with transducers. In many biological phenomena an equilibrium status is maintained for considerable periods of time. Mean blood pressure, smooth muscle tone, body temperatures, and DC potentials are examples. While these physiological events do undergo slow changes, for all essential purposes the output signal from the transducers is a constant electrical quantity (potential difference or current flow). A continuously applied constant signal will not, however, pass through the resistance-capacitance coupled amplifiers (a DC coupled amplifier might be used). The time constants of the RC coupled amplifiers limit the type of signal which can be amplified to one which is rapidly changing in character. Thus for this type of physiological event, e.g. blood pressure, it becomes necessary to adopt the use of the carriercurrent amplifier system.
In the carrier-current amplifier system an oscillatory "carrier wave" is provided for passage through the amplifiers. The signal from the transducer modifies or modulates the carrier wave so that the amplitude of each wave peak is proportional to the magnitude of the applied transducer signal. In this system the transducer output after amplification is represented by a proportional excursion of the pens both above and below the zero line, i.e., the greater the blood pressure, the wider will be the band of pen tracings. The pens will attempt to follow the carrier wave oscillations as much as the limitation of their inertia will permit. The In practice, the modulated carrier wave is amplified by the RC coupled amplifier through four push-pull stages (see Fig. 2 ). The signal from the plates of the last 6SK7 pair is then interrupted beyond the coupling capacitor, fed through the demodulator, and returned to the grids of the 6L6 powver amplifiers.
Carrier wave oscillator. Simple provide oscillation at about 800 c.p.s. The 150 K ganged variable resistor provides for some variation of the frequency. Additional frequency ranges may be obtained by changing the impedance of the bridge. The 3 K variable resistor is adjusted to provide maximal stability of oscillation and also to influence the shape of the wave. A 250 K potentiometer regulates the voltage output of the oscillator. The output, when not loaded, yields 22 volts r.m.s. A Wagner ground across the output is necessary to balance multiple grounding effects. The entire assembly is enclosed in a metal box 5Y2"P X 7" X 11". When the box is fitted with shielded cables, no oscillation is radiated to other channels during multiple recording.
Demodulator. Demodulation is accomplished by the use of an infinite impedance, cathode follower, detector (see Fig. 2 ). The 500 K balancing potentiometers move symmetrically about the zero voltage point and thus there is no distortion in the 6L6 stage. Balance is obtained by first setting the 10 K cathode potentiometer for zero grid potential of the 6SN7 deflection amplifier and then adjusting -the balancing potentiometers until both sides of the output to the 6L6's are at zero potential. A high impedance vacuum tube volt-meter must be used. The 10 K potentiometer is ordinarily used to set the zero signal position of the oscillograph pens.
A switching system is provided so that the amplifiers may be used direct, undemodulated, when desired.
A well-regulated power supply for the demodulators is necessary to prevent variation in base line (no transducer signal) and so to permit reproducible calibration. Regulation for three channels is obtained by a combination of gas tube and electronic degeneration regulation as shown. It will be noted that in the 6L6 of this power supply, a potential difference of 300 volts exists between the cathode and heater. In heavy duty operation this may prove a source of difficulty and the use of a separate filament transformer is desirable.
Transducer for recording blood pressure. The recent development of the strain gage has provided a convenient device for the electrical recording of blood pressure.2 The basis for the strain gage depends on a change in electrical resistance (ohmic) as an electrical conductor is lengthened or shortened. With the proper selection of wire, usually a cupro-nickel alloy, even a change of 1 X 10-6 inch will provide a measurable change in resistance. In measuring blood pressure, the strain gage is affixed (bonded) to a shim metal membrane or diaphragm of a pressure chamber and this in turn connected to the desired artery.* Blood pressure acting on the metal membrane will cause it to be distorted into an arc whose length is greater than the length of the membrane without applied pressure. The strain gage being bonded to the membrane undergoes a corresponding change in length and, in turn, resistance.
To measure this change of resistance, the strain gage is incorporated into * It is obvious that these strain gages may be used in the measurement of any biological stress causing a mechanical movement; the pressure chamber is but a special application.
a balanced Wheatstone bridge. Any change in resistance of the gage upsets the electrical balance of the bridge and causes a current to flow in the output circuit which is detected by a galvanometer. In the multiple recording technique, the Wheatstone bridge incorporating the strain gage is powered by the Wein bridge oscillator, and the unbalance signal is increased by the amplifiers to a point where the pen recorder can be operated. Demodulation is used to remove the oscillator carrier wave. The blood pressure recordings obtained are almost ideally isometric in character, as the application of 100 mm. Hg pressure to the chamber causes less than 0.5 mm8 fluid displacement. The gage exhibits a linear relationship between applied pressure and resistance because the elastic limit of the wire is not exceeded. Because of the negligible mass of the strain gage it can respond faithfully to varying stresses with a frequency up to 30,000 c.p.s.
Thus there is no distortion in the shape of the blood pressure pulse contour; the limitation rather occurs in the accessory apparatus-particularly the magnetic oscillograph pen motors. In practice, good reproduction of pulse pressures with a clear dichrotic notch is obtained, thus yielding more information than from the mean damped pressure recordings obtained from the usual mercury manometers.
Strain gages with attached pressure chamber, in ranges of 0-3 p.s.i. to 0-16 p.s.i., are available commercially. The resistance wire strain gage SR-4* may also be cemented to any desired pressure chamber.
Electrode transducer triode for general fluid pressutre measurements. An alternate procedure for recording blood pressure activity involves the use of an electrode transducer triode. This tube, RCA developmental C 798-G,t is so constructed that its anode or "plate" passes through a thin metal diaphragm and is contiguous with an external shaft (Fig. 4) . A displacement of this plate shaft changes the distance between the fixed grid and plate and results in a change in plate current. A movement of the plate shaft of ± 0.5 degree provides a 34 volt change (or 0.5 ma. change across the 65 K plate resistor). Inside the tube, the plate has a minimum free resonance of 12,000 c.p.s., thus permitting undistorted measurements of vibrations up to that frequency. In consequence there is no distortion of rapidly changing physiological phenomena, as e.g. pulse contours. For the isometric recording of fluid pressure activities, the plate shaft is connected via a link to the metal membrane of a pressure chamber, as illustrated in from the low microphonic 1620 pentode is used (see Fig. 4) . The output can then be direct-coupled to the 6L6 stage which drives the pen motors. There is usually available a 'phone jack in the power amplifiers for monotoring with an oscilloscope, facilitating this connection. With the use of this direct-coupled system, no carrier current amplification system is required and the oscillator and demodulator are not needed.
In operation, the plate shaft should be grounded and the cathode operated at 180 volts below this ground potential. If this precaution is observed, the plate shaft does not connect battery voltage via the saline of the pressure chamber to the animal. The tube face should also be carefully protected against contact with saline; only brief contact with saline is required for electrolytic action to erode through the thin metal diaphragm destroying its vacuum.
Transducers for recording respiratory activzity. Movements produced by the muscles associated with breathing can readily be transformed into electrical signals by a variety of means. A Piezo electric crystal from a phonograph tone arm is mounted so that muscle motion acts on the needle receptacle of the crystal cartridge. A strain gage element or transducer triode may also be used. An additional example involves a ferrometal plate taped to the thorax which moves in the field of a magnetic ear phone. Such techniques, however, indicate only the frequency of inspiration and expiration and are inadequate measures of respiratory function as a whole.
Observations of tidal air exchange as well as respiratory frequency are sufficient indices of respiratory function because in most instances gas exchange values are constant. Recordings of the changing volume of air inside the chest may be obtained by measuring its changing electrical impedance. Since the dielectric constant for air is appreciably lower than that of the tissues, marked variations in electric impedance will occur between two electrodes placed across the chest cage. Whitehorn and Perl' measured the capacitance component of impedance by causing the changing capacity to shift the frequency of a resonant circuit oscillator and using an F.M. discriminator. We found it more convenient to measure the changing A.C. resistance of the chest. With copper gauze chest electrodes 3 X 6.5 cm., the A.C. resistance of the chest was found to be approximately 300Q2 in rabbits and cats. A Wheatstone bridge was constructed using the animal's chest as one arm of the bridge. The power factor of the bridge was then approximately balanced for each animal, utilizing an oscilloscope to detect a null point. A 1000Q variable resistor approximated the animal's mean A.C. resistance and one of a series of capacitors varying from 0.001,UF to 0.1 pF in ten steps was selected for balance also. The bridge was powered by the Wein bridge oscillator and the demodulator used. A Wagner ground was included.
In order to calibrate the impedance method, a Krogh spirometer was connected to a tracheal cannula. With a planimeter, the areas of the tracing of chest impedance for all the respiratory efforts of one minute were summed and compared with the minute volume obtained from the spirometer. If absolute respiratory volume measurements are desired, the calibration must be made for each animal because of varying shapes of the thorax with different animals.
An even simpler device for registering respiratory activity consists of a thermocouple inserted in the airway. The passage of air heated by the body during expiration causes a change in voltage of the bimetallic junction related to the extent and duration of expiration. On inspiration, cool air provides a similar disturbance. For most efficient operation it is obvious that a constant room temperature well below that of body temperature is required. The use of such a thermocouple method provides a rough index of tidal air exchange. Though not precise enough for measurement of absolute tidal air exchange values, the method will easily detect changes in tidal air following drug action.
Thermocouples ( method of Riley.10 The thermocouple was then inserted through the lumen of an airway. Small-cuffed Magill endotracheal tubes were used for dogs.
With cats and rabbits, plastic tubing of suitable size (radio spaghetti) was found useful as an airway, and the mouth was packed with gauze to provide a loose seal.
Illustrative animal records. In Figure 5 are illustrated selected records obtained using the various transducers described in this paper. Although these records were obtained from different animals, if sufficient amplifier channels are available, this is not necessary. The cortical electroencephalogram (A) was recorded in a cat anesthetized with pentobarbital sodium using needle electrodes driven into the exposed skull overlying approximately the cruciate sulcus; leads were connected to both grids of the amplifier. In the same animal, the electromyogram (B) is presented; an Adrian-Bronk coaxial electrode was inserted into a flexed triceps muscle. The electrocardiogram, lead ii, (C) of a dog anesthetized with "Dialurethane" was obtained in the usual manner. The blood pressure record (D) of this dog from a cannulated carotid artery utilized the strain gage and carrier current amplifier system and demodulation. Two rabbits anesthetized with pentobarbital illustrate the type of respiratory record obtained by the chest impedance (E) and thermocouple (F) techniques. It will be noted that EKG activity (shown as small spikes) is impressed on the respiratory tracings obtained with the impedance method. Lastly is presented the lumbar cerebrospinal fluid pressure record (G) of a dog anesthetized with pentobarbital sodium, as measured using the triode transducer. The blood pressure and cerebrospinal fluid pressure records were calibrated in the usual fashion by applying pressure while mercury and saline manometers were in the system.
The overall appearance of these records may prove somewhat unfamiliar because the speed of the recording paper is somewhat greater than that of the usual kymograph. In order to distinguish important aspects of the EKG, the paper speed should be about twice that illustrated. The records of respiratory activity and blood pressure would yield the same content of information if the paper speed were reduced less than that illustrated. Fortunately most electroencephalographs are equipped with paper pullers which have a selection of three or more speeds. It is possible to select a suitable paper speed at any time during the experiment.
It was found desirable to extend the length of pen arm of the oscillographs for the blood pressure tracings; an increase in accuracy of measurement of the pressure was thus obtained. Since this modification caused two neighboring tracings to overlap, different colored inks were used.
Sunmmary
The standard electroencephalograph has been adapted for simultaneous multiple recording of electrophysiological and classical kymographic data.
A carrier current system and demodulator are described to adapt the amplifiers for blood pressure and respiratory tracings.
Transducer techniques are described to convert blood pressure, cerebrospinal fluid pressure, and respiratory activities into changes in electrical energy suitable for use with the amplifiers.
